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Human renal epithelial cells express iNOS in response to cyto- limit bacterial growth and even prove lethal to invading
kines but not bacteria. pathogens [2]. In addition, NO has been implicated in
Background. Epithelial cells form the mucosal barriers that
both acute and chronic models of inflammation includingprevent the entry of mucosal pathogens, and respond to bacte-
septic shock [3], inflammatory arthritis [4] and ulcerativerial infections by producing various host defense molecules. In
this study, we examined the inducible nitric oxide synthase colitis [5]. It is well established that murine macrophages
(iNOS) response of primary human renal tubular epithelial express iNOS when stimulated with cytokines and bacte-
cells (HRTEC) following infection with uropathogenic Esche-
rial cell wall components such as lipopolysacchariderichia coli Hu734, or stimulation with lipopolysaccharide (LPS)
(LPS) [1], but it has been difficult to demonstrate NOor cytokines.
Methods. Induction of iNOS was examined by RT-PCR, production in isolated human leukocytes, including mono-
Western blot, immunohistochemistry and nitrite measure- cytes/macrophages [6] and neutrophils [7]. However,
ments. The effects of endogenously produced nitric oxide
other human cells such as hepatocytes [8] and epithelial(NO), and exogenously applied DETA/NO, SIN-1 and H2O2
cells [9, 10] have been shown to express iNOS in vitro.on cell viability were analyzed using a respiration assay.
Results. HRTEC did not produce NO following infection Urinary tract infections (UTIs) are among the most
with E. coli Hu734, LPS alone, or in combination with inter- common bacterial infections in humans and the majority
feron- (IFN-), even though these agents caused a marked
is caused by Escherichia coli. Neutrophils increase theirincrease in iNOS expression by RAW 264.7, a macrophage
iNOS activity during UTI in humans [11], and elevatedcell line. In contrast, iNOS protein and mRNA expression
by HRTEC increased after exposure to a cytokine mixture urinary nitrite concentration, iNOS activity [12, 13] and
consisting of interleukin (IL)-1, tumor necrosis factor- increased gaseous NO concentrations [14] have been
(TNF-) and IFN-. This was due to the combination of IL-1
demonstrated in the bladder of patients with UTI. Highand IFN-, but the individual cytokines had no effect. Inducible
levels of NO can have detrimental consequences andNOS-expressing cell cultures showed reduced viability, and
this effect was inhibited with the NOS inhibitor L-NMMA in damage the host tissue, and therefore inhibition of iNOS
RAW 264.7 cells, but not in HRTEC. HRTEC were more may suppress tissue destruction resulting from inflam-
sensitive to oxidative stress induced by H2O2 than to nitrogen mation [4, 15]. Recent studies on uroepithelial cells sug-stress induced by DETA/NO.
gest that NO may participate in urothelial damage byConclusions. We conclude that uropathogenic E. coli that
attach to HRTEC fail to directly activate iNOS expression, interfering with cellular differentiation and growth
and that iNOS expression during bacterial infection is more [16, 17]. The mechanisms by which NO mediates toxicity
likely to result from stimulation by local cytokines such as IL-
include generation of reactive derivatives such as peroxy-1 and IFN-.
nitrite (ONOO). The cellular targets of reactive nitro-
gen derivatives are multiple and involve DNA, proteins
and lipids [2]. Thus, iNOS expression appears to be in-The inducible isoform of the nitric oxide synthase
creased in UTI, but the cellular origin of iNOS remains(iNOS) is considered as an important part of the host
unclear.response to infection [1]. iNOS produces NO that may
Uroepithelial cells are the first to encounter bacteria,
and have been proposed to express iNOS. iNOS immu-Key words: urinary tract infection, lipopolysaccharide, E. coli, nitrite,
cell viability, infection, host defense. noreactivity was observed in rat bladder urothelial cells
six to nine hours after intraperitoneal challenge with
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[17]. Kidney epithelial cells also have been shown to 2002 by the International Society of Nephrology
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express iNOS, in animals [20–23], and in humans [24, 25] cells were isolated and cultured as described previously
[28]. At confluence, cells were trypsinized and passagedwhen stimulated with cytokines or LPS.
Epithelial cells respond directly to bacterial challenge in Primaria flasks (75 cm2) no more than five times.
The cells were identified as epithelial cells by cytokera-by producing various pro-inflammatory cytokines, such
as IL-6 and IL-8 [26]. The NO response might be part tine staining with MNF116 (Dakopatts AB, Stockholm,
Sweden) and CAM 5.2 (Becton Dickinson, San Jose,of the same cascade, or may occur only after the uroepi-
thelial cells have been stimulated by other pro-inflam- CA, USA) using the alkaline phosphatase anti-alkaline
phosphatase technique. The presence of leukocytes wasmatory mediators. The iNOS response to direct chal-
lenge of human uroepithelial cells with a uropathogenic ruled out by lack of reactivity with a monoclonal anti-
body directed to human leukocyte common antigen. Fur-strain of E. coli has not yet been tested and few studies,
overall, have examined the human epithelial iNOS re- thermore, the cells were negative for endothelial cell
markers like von Willebrand factor, CD31 and CD34sponse to bacteria.
The present study investigated the NO response of (all antibodies from Dakopatts AB).
isolated primary human renal tubular epithelial cells
Primary cultures of human renal pelvis epithelial cells(HRTEC) to bacterial infection and cytokines, and com-
pared this response to that of monocytes. The effect of Renal pelvis epithelial cells were isolated from kidneys
of children undergoing surgery according to the methodNO and oxidative stress on the epithelial cell viability
was examined in parallel. The results suggest that epithe- described for HRTEC (see above). As the isolated renal
pelvis cells grow slowly and cannot be generated in aslial NO production results from the stimulation by in-
flammatory mediators but not from a direct effect of large quantities as HRTEC, we selected to use them for
immunohistochemistry.bacteria on these cells.
Mouse macrophage cell line, RAW 264.7
METHODS
The mouse macrophage cell line RAW 264.7 (ATCC
Reagents TIB-71) was obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Cells wereThe following cytokines were used: human interferon
gamma (IFN-), recombinant human tumor necrosis grown in phenol red-free DMEM (Sigma) supplemented
with 10% fetal calf serum (FCS), 2 mmol/L l-glutamine,factor- (TNF-), recombinant human interleukin-1
(IL-1), mouse recombinant IFN-, mouse recombinant 1 mmol/L sodium pyruvate, 1 mmol/L non-essential
amino acids, 100 U/mL penicillin and 100 g/mL strepto-TNF-, mouse recombinant IL-1 and lipopolysac-
charide (LPS) from E. coli serotype 0127:B8 (all from mycin (all from Sigma).
Sigma).
Cell stimulation procedure
Bacteria HRTEC. The medium from confluent cell cultures
was aspired and replaced with fresh medium or mediumEscherichia coli Hu734 is the lac mutant of the wild-
type pyelonephritis strain GR12, serotype 075:K5:H containing bacteria (108 CFU/mL) and IFN- (400 U/mL),
LPS (1g/mL) and IFN-, individual cytokines IL-1[27]. It is phenotypically positive for type 1 and P fim-
briae. E. coli Hu734 was maintained on tryptic soy agar (1 ng/mL), TNF- (25 ng/mL) or IFN-, or a cytokine
mixture combined of IL-1, TNF- and IFN-. HRTEC(TSA; Difco, Detroit, MI, USA) plates. For experiments,
bacterial colonies from the TSA plate were inoculated were incubated at 37C for 24 hours when used for re-
verse transcription-polymerase chain reaction (RT-PCR)in Luria broth, incubated overnight at 37C, harvested
by centrifugation at 4000 rpm for 10 minutes and finally and 48 to 72 hours when used for Western blot analysis,
immunohistochemistry and nitrite assay. All cytokinesdiluted in fresh Dulbecco’s modified Eagle’s medium
(DMEM; 108 CFU/mL). Bacterial multiplication was lim- used were of human origin, and the time points were
chosen based on highest iNOS expression observed inited by gentamicin (50 g/mL). Separate experiments
showed that addition of gentamicin did not affect iNOS initial time-course studies.
RAW 264.7. The medium from confluent cell culturesexpression.
was aspired and replaced with fresh medium or medium
Primary cultures of human kidney epithelial cells containing bacteria (108 CFU/mL) and IFN- (10 ng/
mL), LPS (1g/mL) and IFN-, individual cytokinesHuman renal tubular epithelial cells (HRTEC) were
isolated from the kidneys of four children who under- IL-1 (1 ng/mL), TNF- (25 ng/mL) or IFN-, or a cyto-
kine mixture combined of IL-1, TNF- and IFN-.went surgery due to hydronephrosis, dysfunction, or re-
flux nephropathy. The removal of tissue for research RAW 264.7 were incubated at 37C for six hours when
used for RT-PCR, and 24 hours when used for Westernpurposes was approved by the ethics committee of the
Faculty of Medicine, Lund University. Cortical epithelial blot analysis, immunohistochemistry and nitrite assay.
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All cytokines used were mouse recombinants and the tabase search); human sense, 5-ATT CCA TGG CAC
time points were chosen based on the highest iNOS ex- CGT CAA GGC T-3; and human antisense, 5-TCA
pression observed in the initial time-course studies. GGT CCA CCA CTG ACA CGT T-3 [30], amplifying
a 389 bp and 571 bp product, respectively. PCR was
Nitrite assay performed in an automated thermal cycler (OmiGene,
Nitric oxide is rapidly converted into the stable end Hybaid, Middlesex, UK) one initial step at 95C for two
products nitrite and nitrate, and may be used as indirect minutes, followed by 35 cycles at 95C for 60 seconds, at
measures of the amount of NO produced. Nitrite accu- 58C for 60 seconds and at 72C for 60 seconds. Negative
mulation in culture supernatants was analyzed in dupli- controls were performed PCR without template or
cate by the Griess assay. Briefly, 50 L of the culture MuLV reverse transcriptase. PCR products were sepa-
supernatants were mixed with 20 L of water and 100 L rated by 2% agarose gel electrophoresis and bands were
of Griess reagent [one part 0.1% N-(1-naphtyl) ethylene- visualized by ethidium bromide staining.
diamine dihydrochloride in water and one part 1% sulfa-
Western blot analysisnilamide in 5% concentrated H3PO4; both purchased
from Sigma]. The mixture was incubated for five minutes Cells were washed in sterile PBS (pH 7.4), lysed in
at room temperature and the absorbance was measured Laemmli sample buffer and boiled. Protein concentra-
at 540 nm (Labsystems Multiscan PLUS; Labsystems tions were determined with Bio-Rad DC Protein assay
AB, Lund, Sweden). The readings were compared to a (Bio-Rad Laboratories, Hercules, CA, USA) using BSA
standard curve for sodium nitrite with a lower detection as a standard. Equal amounts of protein (100 g/lane)
limit of 1 mol/L nitrite. In order to confirm that the were subjected to 10% SDS-polyacrylamide gel electro-
formed nitrite was derived from NOS, cells were incu- phoresis (SDS-PAGE; Bio-Rad Laboratories) and trans-
bated with the NOS-inhibitor, NG-monomethyl-l-argi- ferred to a polyvinylidene difluoride (PVDF) – Plus
nine (L-NMMA), for one hour prior to stimulation with transfer membrane. Unspecific sites were blocked by
the cytokine mixture. incubating the membrane in 5% non-fat milk overnight
E. coli is a member of the family Enterobacteriaceae, at 4C. iNOS protein was detected using a rabbit poly-
known to reduce nitrate to nitrite. E. coli Hu734 did not clonal antibody raised to murine iNOS (1/1000) or a
cause nitrite accumulation for up to 72 hours, demonstra- rabbit polyclonal antibody raised to human iNOS (1/500;
ting that the observed nitrite accumulation in infected both antibodies from Santa Cruz Biotechnology, Santa
cells was not produced by the bacteria. Furthermore, Cruz, CA, USA) followed by donkey anti-rabbit IgG
DMEM was used for the cellular assays because this
(1/5000) linked to horseradish peroxide (HRP; Santa
medium contains lower amounts of nitrate (1 mol/L)
Cruz Biotechnology). Blots were developed using enhan-than many other media.
ced chemiluminescence Western blotting detection re-
agent (ECL	; Amersham Life Science, Arlington Heights,RT-PCR
IL, USA) and exposed to X-ray film (Hyperfilm ECL;Total cellular RNA was prepared from HRTEC and
Amersham Life Science).RAW 264.7 following the TRIzol reagent RNA proto-
col (Life Technologies AB, Ta¨by, Sweden). RT-PCR Immunohistochemistry
was performed according to the Perkin Elmer PCR-kit
Inducible nitric oxide synthase-expressing cells were(GeneAmpRNA PCR kit; Perkin Elmer, Foster City,
visualized using conventional immunohistochemistry.CA, USA), using 2 g total RNA and with oligo-dT as
HRTEC, pelvic epithelial cells and RAW 264.7 werethe first strand primer and MuLV reverse transcriptase
grown in 8-well culture slides (Biocoat Collagen 1 andaccording to the manufacturer’s instructions. Primers for
Falcon glass culture slides, respectively; Becton Dickin-mouse and human iNOS were obtained from DNA Tech-
son Labware, Bedford, MA). Cells were washed threenology Aps (Aarhus C, Denmark), and were as follows;
times in sterile PBS (pH 7.4) and fixed for 15 minutes inmouse sense, 5-CTT CCG AAG TTT CTG GCA GCA
cold 4% paraformaldehyde in 0.1 mol/L PBS. FollowingGCG-3; mouse antisense, 5-GAG CCT CGT GGC
rinsing, cells were incubated with 0.2% BSA and 0.05%TTT GGG CTC CTC-3; [29] human sense, 5-AGA
Triton X-100 in PBS for 30 minutes at 37C, and withCAT CAA CAA CAA TGT G-3; and human antisense,
the primary antibody for one hour at 37C.5-GAC CTG ATG TTG CCA TTG TTG-3, [30] ampli-
Immunoreactive products were visualized by incuba-fying a 487 bp and 658 bp product, respectively. The
tion for one hour with fluorescein isothiacyanate (FITC)-mouse and human GAPDH primers (also obtained from
conjugated donkey anti-rabbit IgG (1/80) (Jackson Im-DNA Technology) were as follows; mouse sense, 5-GAC
munoresearch Laboratories Inc., West Grove, PA, USA)GTG CCG CCT GGA GAA AC-3; mouse antisense,
diluted in PBS containing 0.2% BSA and 0.05% Triton5-GGG TCT GGG ATG GAA ATT GTG AG-3
(mouse GAPDH sequence found through GenBank da- X-100, in the dark at 37C. The cells were washed and
Poljakovic et al: iNOS expression in HRTEC 447
tent of MTT reduction to formazan was measured as the
absorbance at 540 nm. Results are expressed as a ratio
of stimulated compared to control cells.
In addition, the cell viability in response to exoge-
nously applied NO (DETA NONOate; 10 to 500mol/L;
Alexis Biochemicals, Lausen, Switzerland), peroxyni-
trite (SIN-1; 10 to 500 mol/L; Casella AG, Frankfurt
am Main, Germany) and H2O2 (10 to 500mol/L; Sigma)
was examined. The dependence of NOS and the second
messenger cGMP on cell viability was examined by pre-
treating the cells for one hour with the NOS-inhibitor
L-NMMA (1 to 2 mmol/L; Calbiochem, La Jolla, CA,
USA) or the guanylate cyclase inhibitor ODQ (5mol/L;
Tocris Cookson Inc., St Louis, MO, USA), respectively.
Analysis of data
Data are presented as means 
 SEM. The Student
unpaired t test was used to compare two means and
ANOVA followed by the Bonferroni-Dunn test was
used for multiple comparisons. P  0.05 was considered
statistically significant.Fig. 1. Nitrite concentration in cell culture supernatants of human renal
tubular epithelial cells (HRTEC). The cells were stimulated for 72 hours
with various cytokines, lipopolysaccharide (LPS) or E. coli Hu734 as
indicated. The Cytokine mixture (CM) was comprised of interleukin- RESULTS
1 (IL-1)/tumor necrosis factor- (TNF-)/interferon- (IFN-). Data
are expressed as mean 
 SEM. Statistical comparison of control vs. E. coli Hu734 and LPS do not induce nitrite
treated cells ***P  0.001 (N  3 to 7). production, iNOS mRNA or protein
expression in HRTEC
The iNOS response of HRTEC to uropathogenic E.
mounted in glycerol with p-phenylenediamine to prevent coli or LPS was analyzed using Western blot, RT-PCR
fluorescence fading. Control experiments showed no im- and nitrite measurements. Nitrite production was not
munoreactivity in cells incubated with the secondary an- increased in HRTEC exposed for 72 hours to E. coli
tibody. Hu734 or LPS alone or in combination with IFN-
Micrographs of the immunolabeled cells were ob- (Hu734/IFN-; 4.6 
 0.64 mol/L; N  5; LPS/IFN-;
tained using a digital camera system (Nikon E400 micro- 2.8 
 0.23 mol/L; N  5), when compared to unstimu-
scope and the Optronix DEI-750 camera), and the pic- lated control cells (2.9 
 0.3 mol/L; N  5; Fig. 1).
tures were captured using appropriate filter settings for Stimulation of HRTEC with E. coli Hu734/IFN- or
FITC. Adobe Photoshop was used for image han- LPS/IFN- did not increase iNOS mRNA expression
dling, and the three-color channels were handled sepa- (Fig. 2A) or iNOS protein expression (Fig. 3A). Further-
rately. Only the background level, contrast and bright- more, no iNOS immunoreactivity was observed by mor-
ness of the entire image were changed in the final picture. phological studies in unstimulated cells (Fig. 4A) or
HRTEC exposed to LPS/IFN- and E. coli Hu734/IFN-Cell viability
(Fig. 4 B, C). Epithelial cells isolated from the renalThe cell viability was assayed by the mitochondrial
pelvis area showed no iNOS immunoreactivity beforedependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
(Fig. 5A) or after stimulation with E. coli Hu734/IFN-diphenyltetrazolium bromide (MTT; Sigma) to formazan
(Fig. 5B).[31]. HRTEC and RAW 264.7, cultured in sterile 96-
Stimulation of the macrophage cell line RAW 264.7well plates, were stimulated in duplicate as previously
with LPS/IFN- or E. coli Hu734/IFN- caused a markeddescribed. After stimulation, 50 L of the culture me-
increase in iNOS mRNA (Fig. 2C) and protein expres-dium was saved for nitrite determination and the re-
sion (Fig. 3A) after 6 and 24 hours, respectively. Thesemaining culture medium removed. The cells were incu-
experiments confirmed that LPS and E. coli Hu734 deliv-bated with 20 L of MTT solution (5 mg/mL) for one
ered a signal to the macrophages, but that HRTEC werehour at 37C. The MTT solution was removed and the
refractory to E. coli Hu734 and LPS in combination withcells were solubilized in 100 L of dimethylsulphoxide
(DMSO; Sigma) with shaking for five minutes. The ex- IFN-.
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Fig. 2. Reverse transcription-polymerase chain
reaction (RT-PCR) analysis of inducible nitric
oxide synthase (iNOS) mRNA expression in
(A, B) HRTEC and (C) RAW 264.7 stimu-
lated for 6 and 24 hours as indicated. Abbrevi-
ations are: C, control; CM (cytokine mixture)
comprised of IL-1/TNF-/IFN-. GAPDH
mRNA expression was similar in control and
stimulated cells.
the presence of IFN- (Fig. 1). Unstimulated cells or cells
stimulated with IL-1 alone showed no iNOS mRNA as
revealed by RT-PCR. Stimulation of HRTEC with the
combination of IL-1/IFN- or cytokine mixture, but
not TNF-/IFN-, caused an increase in iNOS mRNA
expression after 24 but not 6 hours (Fig. 2 A, B). To
confirm iNOS induction at the protein level a Western
blot analysis was performed. No iNOS protein expres-
sion was detected in unstimulated cells or in cells stimu-
lated with IL-1 alone or TNF-/IFN- (Fig. 3A).
HRTEC stimulated with IL-1/IFN- or the cytokine
mixture gave a positive band at130 kD, corresponding
to the size of iNOS protein (Fig. 3A). Immunohistochem-
istry was performed to visualize iNOS expressing cells.
Fig. 3. Western blot analysis of iNOS protein expression in (A)
Unstimulated cells did not show any iNOS labeling (Fig.HRTEC stimulated for 72 hours and (B) RAW 264.7 stimulated for
24 hours with cytokines, LPS or E. coli Hu734. Abbreviations are: C, 4A), whereas iNOS immunoreactivity was demonstrated
control; CM (cytokine mixture) comprised of IL-1/TNF-/IFN-; MW, in HRTEC stimulated with IL-1/IFN- (Fig. 4D) and
molecular weight.
the cytokine mixture (Fig. 4 E, F). In addition, iNOS
immunoreactivity was found in epithelial cells isolated
from the renal pelvis area when stimulated with cyto-
IL-1 in combination with IFN- induce nitrite kines (Fig. 5C). Notably, iNOS positive cells showed
production, iNOS mRNA and protein changes in morphology characterized by thin podial-like
expression in HRTEC extensions (Figs. 4E and 5C). RAW 264.7 cells stimu-
lated with the cytokine mixture showed distinct iNOSThe iNOS response of HRTEC to different cytokines
mRNA (Fig. 2C) and protein expression (Fig. 3B).and cytokine mixtures was investigated. Supernatants of
HRTEC exposed to a cytokine mixture (IL-1/TNF-/
The cell viability in iNOS expressing cultures isIFN-) for 72 hours showed increased nitrite accumula-
decreased independent of NOtion (16
 2.4 mol/L; N 5) compared to unstimulated
The effects of iNOS expression/NO production on thecells (2.9 
 0.3 mol/L; N  5; P  0.001; Fig. 1). The
cell viability were examined by a viability assay based oncombination of IL-1 and IFN- (10 
 1.4 mol/L; N 
formazan formation from MTT. Nitrite concentrations5) stimulated nitrite production, but the individual cyto-
were determined in the same wells by Griess assay.kines and the combination of TNF- and IFN- (3.0 

HRTEC stimulated for 72 hours with a cytokine mixture0.16 mol/L; N  5) did not. The results suggest that
the IL-1–induced nitrite production was dependent on (IL-1/TNF-/IFN-) showed a significant (P  0.001)
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Fig. 4. Immunohistochemical demonstration
of iNOS expression in HRTEC stimulated for
48 to 72 hours. (A) Unstimulated cells showed
no iNOS expression. (B) Cells stimulated with
LPS/IFN- showed no iNOS expression. (C)
Cells stimulated with E. coli Hu734/IFN-
showed no iNOS expression. (D) Cells stimu-
lated with IL-1/IFN- were iNOS positive.
(E and F ) Cells stimulated with a cytokine
mixture of IL-1/TNF-/IFN- showed iNOS
expression. Note the altered cellular morphol-
ogy of iNOS positive cells characterized by
long extensions. Scale bars (A, B, C, E)  15
m, (D, F)  10 m.
increase in nitrite production, and cell viability was re- cytokine mixture, LPS/IFN- and E. coli Hu734/IFN-
, respectively (Fig. 6C). The LPS-induced decrease induced by 28 
 6.3%; N  9 (P  0.001) compared to
unstimulated control cells (Fig. 6A). In contrast, stimula- cell viability was less pronounced in the presence of
L-NMMA (1 to 2 mmol/L; Fig. 6D), suggesting that thetion with LPS/IFN- and E. coli Hu734/IFN- caused
no significant increase in nitrite accumulation or reduc- decrease in RAW 264.7 cell viability involved NOS. The
production of nitrite was not completely inhibited bytion in cell viability (Fig. 6A).
To elucidate whether the decreased cell viability in- L-NMMA, probably because of the high concentration
of LPS used.volved NOS activation, the NOS-inhibitor L-NMMA
(1-2 mmol/L) was added before stimulation with cyto-
Exogenous NO reduces cell viability more inkines. L-NMMA prevented cytokine-induced increases
RAW 264.7 than in HRTECin nitrite production, which confirmed that NOS was
inhibited (Fig. 6B), but the cell viability was still reduced Since the maximal concentration of nitrite produced
by HRTEC (15 to 20 mol/L) is three- to fourfoldto the same extent (25 and 30%, respectively) as in the
absence of L-NMMA (Fig. 6B). Thus, the cytokine- lower than the concentration produced by RAW 264.7
(60 to 70 mol/L), it is possible that the lower viabilityinduced decrease in cell viability in HRTEC was inde-
pendent of NOS. of RAW 264.7 compared with HRTEC was related to
the NO concentration. Therefore, similar concentrationsRAW 264.7 macrophages showed a pronounced in-
crease in nitrite production (P  0.001) and a significant of the NO-donor DETA/NO (10 to 500 mol/L) were
applied to HRTEC and RAW 264.7 for 24 hours and the(P  0.001) decrease in cell viability by 83 
 0.4%, 85 

2.1%, 78 
 1.8% (N  6) after stimulation with the viability was compared by the MTT assay. DETA/NO
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spontaneously releases NO and provides a constant NO
supply over hours [32]. Both HRTEC and RAW 264.7
were insensitive to low concentrations (100 mol/L)
of DETA/NO, and decreasing viability was only seen at
the highest concentrations (Table 1). RAW 264.7 was
more sensitive to DETA/NO than HRTEC (P  0.001).
These experiments demonstrated that approximately 120
mol/L nitrite derived from DETA/NO was needed to
obtain a similar decrease in HRTEC viability as the
decrease produced by 15 to 20 mol/L endogenously
produced nitrite. Thus, although exogenous NO has
some effect on viability in HRTEC, the mediator respon-
sible for the cytokine-induced decreased in cell viability
is not likely to be NO.
The involvement of the second messenger cGMP on
cell viability was tested by inhibition of guanylate cyclase
by ODQ (5 mol/L). ODQ had no effect on the medium
nitrite levels. Pretreatment with ODQ did not affect the
DETA/NO-induced decrease in cell viability in HRTEC
or RAW 264.7 (data not shown).
H2O2, but not SIN-1, affects the cell viability
in HRTEC
Since NO did not explain the decrease in HRTEC
viability we investigated SIN-1, a peroxynitrite donor,
and H2O2. SIN-1 caused an increase in nitrite accumula-
tion, but had no significant effect on cell viability in
HRTEC and RAW 264.7 (Table 2). In contrast, oxidative
stress induced by H2O2 decreased the cell viability in
HRTEC, with a maximum decrease of 58 
 7.1% (N 
6) at 500 mol/L (Table 3), but RAW 264.7 was not
significantly affected by H2O2 (P  0.05; Table 3). H2O2
did not increase nitrite levels in the culture medium.
Thus, oxidative stress induced by H2O2 was found to have
more detrimental effects on cell viability in uroepithelial
cells than NO and nitrogen species.
DISCUSSION
The present study examined the iNOS response of
human kidney uroepithelial cells to E. coli Hu734, a
human wild-type pyelonephritis strain, LPS and in-
flammatory cytokines. The bacteria did not trigger a
response as no iNOS induction was found for up to 72
hours, no increase in the mRNA was observed, and no
Fig. 5. Immunohistochemical demonstration of iNOS in pelvis epithe-
nitrite was produced. Similarly, the cells did not respondlial cells stimulated for 72 hours. (A) Unstimulated cells showed no
iNOS expression. (B) Cells stimulated with E. coli Hu734/IFN- showed to LPS, even though both of these agonists caused a
no iNOS expression. (C) Cells stimulated with a cytokine mixture of response in macrophages. The epithelial cells were able
IL-1/TNF-/IFN- were iNOS positive. Scale bars  15 m.
to increase their iNOS expression and nitrite production,
however, if stimulated with the cytokine IL-1 in combi-
nation with IFN-. Our results suggest that NO may
be produced by epithelial cells in response to cytokine
stimulation but that bacteria failed to elicit such a re-
sponse. Furthermore, our results emphasize the differ-
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Fig. 6. Relationship between nitrite levels and cell viability demonstrated in (A, B) HRTEC and (C, D) RAW 264.7. The cells were stimulated
for 72 and 24 hours, respectively, with CM, LPS/IFN- or E. coli Hu734/IFN- as indicated. Cytokine mixture (CM) was comprised of IL-1/TNF-/
IFN-. The bar graphs show the nitrite levels and the line graphs the cell viability. The cell viability in control cells is set to 100%. In B and D,
the involvement of NOS activity for cell viability was studied after treatment with the NOS-inhibitor L-NMMA (1-2 mmol/L). The cell viability
in L-NMMA treated control cells is set to 100%. Data are expressed as mean 
 SEM (N  5 to 9).
ence between epithelial cells and macrophages in this phages express iNOS, but not human cells [34]. This
hypo-responsiveness to LPS in human cells has beenregard.
Studies using murine inner medullary collecting duct explained at the transcriptional level by a lack of a LPS-
inducible NF-B complex in the human iNOS promotercells [21] or other kidney cells [22, 33] have demonstrated
increased iNOS mRNA and/or protein expression after [35]. In addition, the cytokine response to LPS is known
to be poor in most non-immune cells, including humanLPS treatment, but we found no iNOS expression in
HRTEC when stimulated by LPS. This may be another uroepithelial cells [36], due to the lack of specific LPS
receptors like CD14.example of species-specific differences in LPS-induced
iNOS expression, as rat and hamster alveolar macro- Most studies have reported iNOS induction in human
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Table 1. Effect of DETA/NO stimulation for 24 hours on cell viability and nitrite accumulation
DETA/NO HRTEC RAW 264.7
concentration
lmol/L Viability % Nitrite lmol/L Viability % Nitrite lmol/L
Control 100 3.1
0.71 100 2.2
0.21
10 92
2.9 9.8
1.6 93
5.3 6.5
0.22
50 92
4.9 24
4.4 95
8.2 26
2.6
100 91
9.3 45
8.5 95
4.3 48
4.7
300 80
3.5ac 120
13 51
9.6b 142
0.49
500 64
2.8b,d 195
13 21
5.0b 218
9.6
Data are expressed as mean 
 SEM (N  4–6). Abbreviations are: DETA/NO, DETA NONOate; HRTEC, human renal tubular epithelial cells; RAW 264.7,
mouse macrophage cell line.
a P  0.05, b P  0.001, statistical comparison of cell viability in treated cells vs. control cells
c P  0.05, d P  0.001, HRTEC vs. RAW 264.7
Table 2. Effect of peroxynitrite (SIN-1) stimulation for 24 hours on cell viability and nitrite accumulation
HRTEC RAW 264.7
SIN-1
concentration lmol/L Viability % Nitrite lmol/L Viability % Nitrite lmol/L
Control 100 1.9
0.1 100 2.1
0.2
10 96
6.4 4.4
0.5 102
14 5.2
0.4
50 88
4.7 17
2.5 90
5.7 18
0.8
100 108
2.2 32
4.2 92
6.6 36
1.5
300 95
6.7 89
3.7 94
8.2 103
9.6
500 104
7.1 157
6.6 89
7.5 180
19
Data are expressed as mean 
 SEM (N  5–6).
Table 3. Effect of H2O2 stimulation for 24 hours on cell viability and nitrite accumulation
HRTEC RAW 264.7
H2O2
concentration lmol/L Viability % Nitrite lmol/L Viability % Nitrite lmol/L
Control 100 1.8
0.32 100 1.3
0.25
10 80
2.3 1.4
0.17 99
6.2 1.4
0.17
50 76
8.1 2.0
0.40 102
6.0 1.3
0.16
100 77
10 2.3
0.36 100
5.6 1.3
0.16
300 76
10 2.1
0.25 95
5.1 1.3
0.26
500 42
7.1a,b 2.1
0.56 78
14 1.1
0.26
Data are expressed as mean 
 SEM (N  5–6).
a Statistical comparison of cell viability in treated cells vs. control cells, a P  0.001; and in HRTEC vs. RAW 264.7, b P  0.05
epithelial cells when stimulated with LPS or cytokines, (unpublished observations; Godaly) under similar condi-
tions as those in the present study, with a peak after 6and only a few studies using intestinal epithelial cells
have examined iNOS expression in response to bacteria. to 12 hours. The IL-8 and iNOS responses to bacterial
activation in uroepithelial cells differ from the responseInvasive bacteria were found to activate iNOS expres-
sion in human intestinal epithelial cells [37–39], but the in intestinal epithelium. In human intestinal epithelial
cells, both IL-8 [40] and iNOS [37] were induced byintestinal and uroepithelial cells are known to differ
greatly in response to bacteria. Bacterial invasion is bacterial activation, whereas bacterial activation induced
IL-8 [42], but not iNOS in kidney uroepithelial cells. Theneeded to trigger a cytokine response in intestinal epithe-
lial cells, [40] but not for the uroepithelial cytokine re- lack of iNOS induction in HRTEC by E. coli Hu734
suggest that the signaling pathways triggered by the bac-sponse [36]. Uropathogenic E. coli express several viru-
lence factors that influence their ability to trigger a host terial fimbriae do not cause iNOS transcription. Indeed,
additional data from studies using a human kidney epi-response. Under the growth conditions used in this study,
they attach to urothelial cells through surface fimbriae, thelial cell line, A498, confirm that other strains of E.
coli such as recombinant strains expressing either thelike P and type 1 fimbriae [26]. Both P and type 1 fimbri-
ated E. coli are able to enhance the human uroepithelial P or type 1 fimbriae do not activate iNOS expression
(unpublished observations).cell cytokine response in vitro [41–43]. E. coli Hu734
has been shown to induce IL-8 production in HRTEC Our recent in vivo study examined iNOS expression
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in a mouse UTI model [44]. Uropathogenic E. coli strain of bactericidal peroxynitrite, a reaction product of NO
and phagocyte-derived superoxide anion [48]. Lundbergcaused iNOS up-regulation in polymorphonuclear (PMN)
cells within four to six hours after bacterial challenge. and co-workers suggested that nitrite-producing bacteria
induce their own death in urine by supplying substrateiNOS was detected in the transitional and columnar epi-
thelial cells lining the renal pelvis 12 hours after bacterial for generation of bacteriostatic NO [49]. In an experi-
mental model of pyelonephritis, inhibition of NO pro-challenge, and in the tubular epithelial cells in the out-
ermost parts of cortex after 72 hours [44]. The delay duction induced a greater renal infection in LPS-non-
responder C3H/HeJ mice compared to LPS-respondersuggests that iNOS expression in uroepithelial cells was
triggered by inflammatory mediators released during C3H/HeN mice [50]. These results suggest that adequate
NO production and LPS responsiveness work synergisti-mucosal infection, rather than a direct result of bacterial/
epithelial interactions. Indeed, this hypothesis was sup- cally to provide a mechanism of renal resistance to bacte-
rial infection [50].ported by findings in the present study using isolated
HRTEC. Stimulation of HRTEC with inflammatory cy- Bacterial colonization in vivo causes shedding of in-
fected and damaged urothelial cells [51, 52]. A delayedtokines increased nitrite production and iNOS mRNA
and protein expression, but direct contact with bacteria iNOS induction may play a role in the later stage of
inflammation by removing infected and damaged urothe-did not.
When the individual cytokines were examined sepa- lial cells. We compared the effect of microbial products
and cytokines on cell viability. Stimulation with E. colirately, it was found that IL-1, but not TNF-, increased
iNOS expression in HRTEC. In animal studies, TNF- Hu734 and LPS had no effect on cell viability in HRTEC,
but cytokines caused a decrease in cell viability. Wecaused iNOS up-regulation in cultures of rat proximal
tubules and inner medullary collecting duct cells [20], speculated that NO might be the endogenous factor re-
sponsible for the decreased viability, since an effect onand in mouse inner medullary collecting duct cells [21].
In agreement with our results, iNOS up-regulation in viability was only observed in iNOS-expressing cell cul-
tures. Experiments with a NOS-inhibitor showed, how-human alveolar epithelium-like cancer cells was found
when stimulated with IL-1, but not TNF- [45]. Again, ever, that the cytokine-induced decrease in cell viability
was not associated with NO. Previously, NO or peroxyni-these differences are likely to reflect species variations
in regulation of the iNOS gene, since different localiza- trite have been found to modulate cell growth and differ-
entiation [16, 17] and to impair the cell-matrix adhesiontion of the cytokine responsive elements have been de-
scribed for the human and mouse iNOS promotor [45, properties of uroepithelial cell lines without affecting cell
death [53]. Thus, NO/peroxynitrite may preferentially46]. Moreover, iNOS expression in HRTEC was depen-
dent on IFN-, suggesting that IFN--responsive tran- affect the cell adhesion properties of uroepithelial cells
and exert cytostatic rather than cytotoxic effects.scription factors are necessary for induction of the hu-
man iNOS gene. Nitric oxide was more harmful to RAW 264.7 than to
HRTEC. Experiments with a NOS-inhibitor showed thatPatients with UTI have elevated iNOS activity and
expression in neutrophil-enriched fractions of urine com- the decrease in RAW 264.7 viability was associated with
an increase in NO production, while the decrease inpared with noninfected controls [11]. Neutrophils are
important for the antibacterial defense of the urinary HRTEC viability was unrelated to NO. It may be specu-
lated that uroepithelial cells have a protective mecha-tract, and are the main cells involved in the initial stages
of the inflammatory response [26]. However, the contri- nism, like reported in some other cells [54], which en-
ables them to resist the damaging effects of NO. Thebution of neutrophil-derived NO to bacterial clearance
from the urinary tract is not known. Many UTIs resolve consequences of NO exposure on cell viability are re-
lated to the non-heme iron content of the cells. Cellsspontaneously, without antibiotic treatment, which sug-
gests that an endogenous factor, like NO, may play a with low non-heme iron levels, such as RAW 264.7, are
more sensitive to NO than cells with high non-hemerole. Early studies have suggested that uroepithelial cells
produce a bactericidal factor for E. coli [47]. It is not iron levels, such as hepatocytes [54]. In addition, both
protective and toxic effects of NO may involve activationknown whether NO produced from the uroepithelial
cells during UTI is bactericidal or if other functions are of soluble guanylate cyclase and cGMP formation [55].
When investigating the involvement of guanylate cyclaseattributed to urothelial NO production. Given the de-
layed iNOS expression in HRTEC, most bacteria may for the DETA/NO-induced decrease in cell viability, we
found that the cytotoxic capacity of NO was independentalready be cleared by neutrophil mediated phagocytos
before the uroepithelial cells express iNOS. Thus, NO of guanylate cyclase in both HRTEC and RAW 264.7.
Since the generation of NO could not explain the de-production by uroepithelial cells and by inflammatory
cells are likely to play different roles in response to crease in HRTEC viability other possible factors were
investigated. SIN-1, known to release ONOO duringbacterial infection. The mechanisms of NO-related anti-
microbial activity have been shown to involve formation breakdown [56], had practically no effect on cell viability
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synthase in human airway epithelium through synthesis of solublein HRTEC; however, the actual amount of ONOO
mediators. J Clin Invest 100:829–838, 1997
generated from SIN-1 in our cell system is unknown. On 10. Linn SC, Morelli PJ, Edry I, et al: Transcriptional regulation of
human inducible nitric oxide synthase gene in an intestinal epithe-the other hand, since treatment with a NOS-inhibitor
lial cell line. Am J Physiol 272:G1499–G1508, 1997was without effect on cell viability it is unlikely that NO-
11. Wheeler MA, Smith SD, Garcia-Gardena G, et al: Bacterial
derived ONOO is involved in the cytokine-triggered infection induces nitric oxide synthase in human neutrophils. J
Clin Invest 99:110–116, 1997decrease in HRTEC viability. Another candidate may
12. Smith SD, Wheeler MA, Weiss RM: Nitric oxide synthase: Anbe H2O2, produced as a reaction between 2O2 and 2H	. endogenous source of elevated nitrite in infected urine. Kidney
Several cell types, including macrophages, neutrophils Int 45:586–591, 1994
13. Smith SD, Wheeler MA, Foster HE, et al: Urinary nitric oxideand epithelial cells, generate large amounts of O2 during
synthase activity and cyclic GMP levels are decreased with intersti-inflammation from enzymes such as xanthine oxidase
tial cystitis and increased with urinary tract infections. J Urol
and NADPH oxidase [57]. Oxidative stress induced by 155:1432–1435, 1996
14. Lundberg JON, Ehren I, Jansson O, et al: Elevated nitric oxide inH2O2 was demonstrated to have more profound effects
the urinary bladder in infectious and noninfectious cystitis. Urologyon cell viability in uroepithelial cells than NO and nitro-
48:700–702, 1996
gen species. More studies are needed to identify the 15. Hierholzer C, Harbrecht B, Menezes JM, et al: Essential role
of induced nitric oxide in the initiation of the inflammatory re-endogenous factor(s) associated with the cytokine-trig-
sponse after hemorrhagic shock. J Exp Med 187:917–928, 1998gered decrease in HRTEC viability.
16. Elgavish A, Robert B, Lloyd K, et al: Nitric oxide mediates the
In conclusion, we showed iNOS induction in HRTEC action of lipotechoic acid on the function of human urothelial cells.
J Cell Physiol 169:66–77, 1996when stimulated with inflammatory cytokines but not
17. Morcos E, Jansson OT, Adolfsson J, et al: Endogenously formedwhen stimulated with uropathogenic bacteria or LPS.
nitric oxide modulates cell growth in bladder cancer cell lines.
This suggests that the epithelial iNOS expression in the Urology 53:1252–1257, 1999
18. Cook HT, Bune AJ, Jansen AS, et al: Cellular localization ofhuman kidney is not induced by bacterial activation fac-
inducible nitric oxide synthase in experimental endotoxic shock intors, but rather by inflammatory mediators. Epithelial
the rat. Clin Sci 87:179–186, 1994
NO thus may play a role in the later stages of inflamma- 19. Persson K, Poljakovic M, Johansson K, et al: Morphological
and biochemical investigation of nitric oxide synthase and relatedtion.
enzymes in the rat and pig urothelium. J Histochem Cytochem
47:739–750, 1999
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